Most studies of phytoplankton dynamics in lowland rivers have been conducted in regulated rivers. This study deals the phytoplankton of the River Loire, a relatively unregulated river in Western Europe, and aims at investigating the factors controlling phytoplankton composition and dynamics in this river. Phytoplankton biodiversity was assessed by pooling data from monthly sampling for 8 years at different sites. A correspondence analysis showed temporal and longitudinal gradients, with a dominance of small centric diatoms and green algae for most of the year, in the middle and lower river sectors. Phytoplankton dynamics were further explored using the POTAMON simulation model, run for the year 2005. The simulations, in agreement with the observations, confirmed the virtual absence of a Stephanodiscus spring peak, and reproduced well the development of small centric diatoms and green algae. Production and loss rates calculated by the model helped us to explain the dynamics of the three main phytoplankton categories, which attained high net production rates due to the low river depth ( 1 m at low discharge), but were subject to high sedimentation losses. Model calculations also showed that P limitation was likely, particularly for green algae, with a reduction of growth rate of up to 35%. In addition, the simulations showed a significant impact of the invasive Asian clam, Corbicula spp., on phytoplankton biomass. This study shows that the factors determining phytoplankton diversity and dynamics in this unregulated river are basically the same as those identified in other lowland rivers, but that key factors are habitat diversity and variation of water level in the river channel.
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KEYWORDS: potamoplankton; lowland river; diversity; dynamics; nutrient limitation 1994; Garnier et al., 1995) ; the Moselle, France and Germany (Gosselain, 1998; Garnier et al., 1999; Schöl et al., 1999; Descy et al., 2003) ; the Rhine, Germany and The Netherlands (de Ruyter van Steveninck et al., 1990 , 1992 Admiraal et al., 1994; Schöl et al., 2002; Bergfeld et al., 2009; Scherwass et al., 2010) or the Meuse, France and Belgium (Descy, 1987; Descy and Gosselain, 1994; Gosselain et al., 1994; Tubbing et al., 1995; Everbecq et al., 2001) . Studies have also been conducted, with similar results, in regulated rivers on other continents, such as in Asia (e.g. Ha et al., 2002) and in America (e.g. Koch et al., 2004) . In other cases, the channel has not been modified to a great extent, but the rivers have been impounded with dams, creating reservoirs and increasing retention time, thereby creating conditions in which limnetic phytoplankton may develop while potamoplankton may decrease, which causes large changes in phytoplankton composition and biomass downstream of the reservoirs (e.g. Köhler, 1994; Sabater et al., 2008) .
In contrast with those impounded or regulated rivers, the Loire (France) has been much less modified by hydraulic management, and has retained more natural hydrodynamics in its main channel than many of its European counterparts. Different regions can be distinguished along the Loire, including the upper basin (from the source to the confluence with the Allier), the middle Loire valley (from the "Bec d'Allier" to the confluence with the Maine), the lower Loire valley (from the Maine to the estuary) and the estuary. There are a sequence of different natural habitats between the headwaters and the ocean. Gorges and ancient forests are found in the upper basin, and numerous islands, natural banks, riparian forests, braided reaches, meanders and floodplains subject to flooding occur along the middle and lower Loire (see Oudin et al., 2008, for more details) .
A recent synthesis on the phytoplankton of the Loire was presented in Oudin et al. (Oudin et al., 2008) . The early studies date back the 1920s, but those were mostly carried out on the downstream stretches. During the 1980s, phytoplankton monitoring was initiated in the middle Loire over a stretch of 250 km to assess the environmental impacts of nuclear power plants on the river (Lair and Reyes-Marchant 1997; Picard and Lair 2005) . Since 1991, several sites along the river have been monitored, including chlorophyll measurements and taxonomic composition. The Loire has the highest phytoplankton diversity in France, and probably among other large European rivers (Rojo et al., 1994) . For instance, surveys carried out on the rivers Marne, Seine and Oise (Leitao and Rouquet, 2002) reported much lower biomass and diversity than that found in the Loire. As for phytoplankton abundance, previous studies have mainly addressed temporal changes at sites located in the Middle Loire (Lair and Reyes-Marchant 1997; Lair, 2001; Picard and Lair, 2005) . Among other trends, long time-series of chlorophyll-a data show that the river has undergone eutrophication, leading to quite high phytoplankton abundance and chlorophyll-a in summer.
The objectives of this study were (i) to make a comprehensive assessment of the diversity of the phytoplankton assemblages from source to mouth of the Loire and (ii) to examine longitudinal and temporal changes of phytoplankton taxonomic composition, using multivariate analysis and (iii) to simulate phytoplankton dynamics, using a simulation model developed in previous studies (Everbecq et al., 2001) . The fundamental question we addressed was whether phytoplankton diversity and abundance of this relatively unregulated river are controlled by the same factors as those that operate in other lowland rivers.
M E T H O D
The Loire is 1012 km long and its catchment area (117 054 km 2 ) covers 20% of the French territory; the mean annual discharge (1967 -2008) near Nantes was 868 m 3 s
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. All physical, chemical and plankton data used in this study were provided by the "Agence de l'Eau Loire-Bretagne". The Loire basin and the phytoplankton monitoring stations are shown in Fig. 1 .
Phytoplankton data and biodiversity assessment
In order to assess phytoplankton diversity, we made a synthesis of phytoplankton data from samples taken from 1993 to 2001, and from 2005 to 2009. The samples were taken monthly, from March to November except at two stations where the frequency was twice a month: one of them, Jargeau (Orléans), will be particularly referred to here as representative of the middle Loire. The stations are generally located at places where bridges cross the river, in the middle of the water course and water was collected using buckets. The phytoplankton samples were fixed in situ with formalin until 2001 and with Lugol from 2005 to 2009. The number of phytoplankton stations varied from 6 in the preliminary stages of the monitoring and increased up to 19 in 2009. Phytoplankton were counted using the Utermöhl method (Utermöhl, 1958) , and the results were expressed as unit or cell abundance. For each taxon, biomass was estimated by calculation based on specific biovolume, estimated from the dimensions of several individuals of the Loire populations and using geometric approximations according to Lund and Talling (Lund and Talling, 1957) , Hagmeier (Hagmeier, 1961) and Rott (Rott, 1981) . When diatoms were dominant, slides were prepared for their identification, after elimination of organic matter (treatment with hydrogen peroxide) and calcium carbonate (hydrochloric acid); the diatom slides were then prepared in Naphrax w for subsequent observation by phase contrast microscopy. Identification was made to the lowest possible taxonomic level, using Bourrelly (Bourrelly, 1966) ; Bourrelly (Bourrelly, 1968) ; Bourrelly (Bourrelly, 1970) , Fott (Fott, 1968) , Geitler (Geitler, 1930 (Geitler, -1932 , Huber-Pestalozzi (Huber-Pestalozzi, 1955), Anagnostidis, 1999, 2005) , Komárek and Fott (Komárek and Fott, 1983) , Popovský and Pfiester (Popovský and Pfiester, 1990 ), Starmach (Starmach, 1985) . For diatom identification, we mostly used Germain (Germain, 1981) and Krammer and Lange-Bertalot (Krammer and Lange-Bertalot, 1986 , 1988 , 1991a . The diversity index was calculated following Shannon and Weaver (Shannon and Weaver, 1949, in Pielou, 1975) .
Phytoplankton data and processing by multivariate analysis
The phytoplankton data used for this part of the study were from the year 2005 and from nine sampling sites distributed between Bas-en-Basset (river km 143), and Montjean (river km 885). The minimal sampling frequency was once a month, but some sites were sampled twice a month. Phytoplankton abundances were transformed to carbon biomass using biovolume estimates of every taxon (see above) and using Eppley's equations (Eppley et al. in Smayda, 1978) . A data matrix comprising 86 samples (from 9 sites) Â 72 taxa was made by retaining the taxa found at least three times. After this selection, the taxa list contained mainly single taxa, but some groups were made, for instance for taxa of benthic origin, such as Navicula spp. or most Nitzschia taxa. Table I shows the taxa list in the river with their mean carbon biomass, determined from all 2005 samples. A correspondence analysis (CA) was run using the CANOCO 4.5 software (ter Braak and Smilauer, 2002) after log transformation of the data.
Modelling phytoplankton dynamics
Depending on the availability of environmental data, four sites were chosen for this part of study ( Fig. 1 ): Nevers (km 452), upstream of the "Bec d'Allier", i.e. the confluence with the main tributary, the R. Allier; Fourchambaut, downstream of this confluence (km 465); Jargeau (close to Orléans, km 614), representative of the middle Loire; Montjean (river km 885), representative of the lower course. The main variables were discharge and temperature (daily measurements), turbidity, nutrient concentrations (dissolved inorganic nitrogen, DIN; soluble reactive phosphorus, SRP; total phosphorus, TP; dissolved reactive silica, Si). Turbidity was used as a proxy of water transparency, for which no data were available.
Simulations of phytoplankton were performed using the PEGASE model (Smitz et al., 1997; Deliège et al., 2009 ), an integrated model developed for estimating water body ecological status, at the scale of a whole watershed. PEGASE (Planification Et Gestion de l'ASsainissement des Eaux) is an integrated "basin/ river" model that makes it possible to calculate in a deterministic way the water quality in a river network according to pollutant inputs. PEGASE comprise three submodels: (i) a hydrological and hydrodynamic submodel, which calculated discharge and hydrodynamics, using daily discharge data from a few gauging stations; (ii) a thermal sub-model, which calculates water temperature from daily data at several sites, taking into account thermal releases from power plants and (iii) a water quality submodel, including ecological and biological processes within the aquatic ecosystem, as well as point and diffuse inputs of organic matter and macronutrients, in different forms (dissolved and particulate, readily bioavailable or slowly degradable). In the present application, the model operated in nonstationary mode, computing hydrology, temperature and water quality parameters from source to mouth of the river. The POTAMON model, running within PEGASE, was used for simulating phytoplankton concentrations. This model has been described in detail in Everbecq et al. (Everbecq et al., 2001 ) and in Descy et al. (Descy et al., 2003) , with applications to the rivers Meuse and Moselle. The model simulates five functional categories of phytoplankton, in order to reproduce the "successions" usually observed in lowland rivers: (i) diatoms that form spring blooms (represented by Stephanodiscus spp.); (ii) small centric diatoms developing in late spring and in summer (represented by Cyclotella spp.); (iii) green algae and cryptophytes, with optimum development in summer; (iv) grazing-resistant, filamentous diatoms (Aulacoseira spp.); (v) small filamentous summer diatoms (Skeletonema spp.). Zooplankton is represented by two functional groups of rotifers, Brachionus-like and Keratella-like, with different growth, grazing and assimilation rates. The equations and parameters used to simulate plankton growth dynamics are presented in Tables II and III , along with those used for simulating grazing by zooplankton and benthic filterfeeders. A significant improvement to the earlier versions of the phytoplankton submodel was the use of a cell quota approach for the calculation of nutrient-limited growth rate, derived from Droop (Droop, 1973) . Sedimentation rate of phytoplankton categories (Tsphy, see Table II ) varied as a function of depth (H, see Table II ) and of sedimentation velocity (vsphy, see Table III ), which depended on flow velocity, as shown in Fig. 2 .
Owing to lack of data, clam (Corbicula spp.) population dynamics were not calculated. Instead, we used reference clam biomasses of 2.5 g C m 22 in the middle Loire (km 500 -700), up to 5 g C m 22 in the lower Loire and 10 g C m 22 in the tributaries Loir and Vienne. To describe the variation of clam biomass over All rates were temperature-adjusted considering a Q 10 of 2.0.
J.-P. DESCY ET AL. j RIVER LOIRE PHYTOPLANKTON DIVERSITY AND DYNAMICS the year, monthly coefficients were applied, varying from 0.5 in winter to 1.4 in late summer. This seasonal pattern was inferred from the studies by Bachmann (2000) and by Schöl et al. (Schöl et al., 2002) . Despite the obvious uncertainties associated with this description of clam biomass, the values used in our simulations were well within the estimated densities observed in the Loire (Bacchi, pers. comm.). The filtration rate of Corbicula used for the simulations was 0.086 L mg C 21 day 21 at 258C and varied with temperature (see Tables II and  III) ; this filtration rate was conservatively set in the lower range of published values (Cerco and Noel, 2010; Liu et al., 2009; Vohmann et al., 2010) .
The model runs used the River Loire characteristics, with the following input data: morphometry (slope and width of the river, presence and characteristics of dams, at a scale of a few km), mean daily discharge (662 gauging stations for the whole Loire basin) and hourly solar radiation, from 20 weather stations in the basin. Temperature was computed from daily measurements and thermal inputs from power plants. Non-stationary simulations were run for the year 2005 on the whole Loire basin considered by the Agence de l'Eau Loire-Bretagne (118 000 km 2 , 2500 rivers, 39 000 km of rivers), using databases built for this application. The output of the model consisted in the daily values, at different river sites, of water quality variables and biomass of each plankton category (in g C m 23 or mg Chla m 23 with a constant C:Chl a ratio of 37), as well as of production and loss rates (sedimentation, mortality, respiration, grazing). For model output comparison with calculated values, we used measurements of nutrient and chlorophyll a concentrations, as well as carbon biomass of phytoplankton categories estimated from the microscope counts.
R E S U LT S Phytoplankton diversity
The Loire phytoplankton was characterized by a very high taxonomic richness: the maximal richness was 84 taxa per sample, the minimal 10 and the mean was 47 taxa per sample. The Shannon -Weaver diversity index varied from 0.34 to 5.78, which is extremely high. Among the 623 taxa identified, most of them belonged to Chlorophyceae and to diatoms (Fig. 3) . Green algae were generally, in summer and in the middle and lower river sectors, colonial Chlorococcales such as Actinastrum hantzschii, Dictyosphaerium spp. Coelastrum spp., Scenedesmus spp. Volvocales occurred regularly at all seasons, with however few individuals. They were represented mainly by unicellular flagellate forms such as Carteria, Chlamydomonas, Lobomonas, Hafniomonas, Hyalocardium, Pteromonas, Spermatozopsis; colonial forms (Gonium, Pandorina, Pleodorina, Volvulina) were less frequent.
The diversity was quite high among diatoms, but 74% of the taxa were not from planktonic habitats, but were benthic taxa in suspension. These tychoplanktonic diatoms may however represent high biomass, at the upstream stations and in the whole river during highflow periods. Amphora ovalis, Cocconeis placentula var. euglypta, Diatoma vulgaris, Melosira varians, Navicula gregaria, N. lanceolata, N. rostellata and N. tripunctata were the most JOURNAL OF PLANKTON RESEARCH j VOLUME 34 j NUMBER 2 j PAGES 120-135 j 2012
common. The presence of benthic forms among the potamoplankton also occurred for several Cyanobacteria (Clastidium setigerum, Gloeocapopsis pleurocapsoides, Oscillatoria princeps, Phormidium irriguum), as well as for Ulotricophyceae (Oedogonium, Ulothrix), Zygophyceae (Spirogyra) and Chrysophyceae (Hydrurus). The taxa of other classes were mostly planktonic, generally flagellates (Euglenophyceae, Chrysophyceae, Cryptophyceae, Dinophyceae and Raphidophyceae) and they rarely accounted for a large share of phytoplankton biomass. Several Zygophyceae (Closterium, Cosmarium, Euastrum, Staurastrum, Xanthidium) were also regularly found in the river plankton.
Beside green algae, which were by far the most diverse phytoplankton group and the most abundant in summer in the Loire, centric diatoms-such as Stephanodiscus hantzschii and its var. tenuis, Cyclostephanos dubius, and Cyclotella meneghiniana later-were typical elements of the river plankton. At times, very small centric diatoms (valve diameter ,5 mm), often with weakly silicified frustules, were very abundant. We have assigned them, using only light microscopy, to Thalassiosira pseudonana or to Discotella pseudostelligera and finally to Cyclotella nana. However, observations by SEM indicated that a proportion of the Loire specimens possibly belonged to Discotella helleae (Chang and Steinberg, 1989) . Among the truely planktonic pennate forms, Nitzschia acicularis was the most common diatom, often abundant at higher discharge. This was also the case with Fragilaria spp., composed by ribbon-shaped colonies (seen in connective views) belonging mostly to F. capucina, F. construens, F. pinnata and its varieties. The most downstream station (Montjean) is situated 127 km from the estuary, beyond tidal influence. Nevertheless, species usually found in brackish waters were observed in many samples from this site, even if they were at low abundance (rarely more than 10 mL 21 ). This was the case for diatoms such as Actinocyclus normanii, Bacillaria paxillifer, Entomoneis alata, Nitzschia agnewii, Thalassiosira bramaputrae, but also for other algae, such as Dunaliella lateralis (Volvocale) or Chromulina parvula (Chrysophyceae).
Exotic species were also found, mostly diatoms (Coste and Ector, 2000) such as Achnanthidium catenatum, Achnanthes subhudsonis, Diadesmis confervacea, Encyonema triangulum, Reimeria uniseriata, all of them originating from the benthos (like Clastidium setigera, or Stigonematales branches, cyanobacteria). However, alien or expansive planktonic taxa (Kaštovský et al., 2010) were also observed, although sporadically: the cyanobacteria Aphanizonenon aphanizomenoides, Anabaenopsis cunningtonii, Cuspidothrix issatschenkoi, the diatom Discotella woltereckii, the dinoflagellate Peridiniopsis corillionii and the Volvocale Volvulina. The most frequent and abundant invasive planktonic species was the diatom Skeletonema potamos.
Discharge, temperature and nutrients in 2005
The pattern of discharge was similar at all sites (Fig. 4) . Two phases can be distinguished in 2005: a high-flow period (from January to May); followingly a low flow period (which lasted until the end of year). Temperature varied between a minimum of 0.058C and a maximum of 24.68C, and its pattern of variation was similar at all sites (Fig. 4) . Turbidity varied over a wide range and was high throughout the high-flow period: this was related to the high suspended load (data not available for 2005) in winter and spring, which greatly reduced the water transparency in the upper and middle Loire. DIN and soluble reactive phosphorus (SRP) were at their maximal concentrations in winter and decreased progressively in spring (Fig. 4) ; SRP, in particular, was at low levels (,10 mg L
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) from the end of June through the beginning of November. Dissolved reactive Si also showed a decrease in the low flow period, but remained generally at a concentration .3 mg Si L
.
CA of the phytoplankton data
The cumulated percentage of variance of the four first eigen values of the CA analysis was 44.5%. Here, we present the ordination diagram on the two first axes (Fig. 5, 18 .6% on axis 1 and 14.6% on the second axis). This analysis shows both longitudinal and temporal gradients, with upstream and spring samples located in the right part of the diagram and downstream and summer samples located in the left part. The potamoplankton composition of the stretch located upstream of the confluence with the R. Allier (see Fig. 1 ) consisted mainly of the taxa appearing in the right part, which are essentially tychoplanktonic pennates, originating from the benthos. In contrast, the sites located downstream of the confluence with the R. Allier, i.e. where significant chlorophyll a concentrations were found, had, in late spring and early summer, a suspended algal flora comprising typical planktonic taxa, with several diatoms of the genera Fragilaria, Cyclotella, Stephanodiscus, Cyclostephanos and Thalassiosira. In summer and autumn, coccal green algae and other planktonic groups (Cryptophyceae, cyanobacteria) dominated at all sites: these taxa form the dense group on the left side of the ordination. In this group, coccal green algae, with a very high taxonomic diversity, represented most of the summer biomass (see Table I for mean biomass data).
Model simulations of the main algal groups and of chlorophyll a
The results from the simulations of phytoplankton composition, run according to the scenario described earlier (see material and methods), are presented in Fig. 6 . Three main phytoplankton groups developed significant biomass in 2005: the spring diatoms (mostly Stephanodiscus spp.), the small centric diatoms (mainly small Cyclotella and Thalassiosira) and green algae. The filamentous diatoms, Skeletonema potamos and Aulacoseira spp., did not develop to a great extent (not shown on the graphs). All sites showed a similar "succession": spring diatoms appeared from mid-March and declining in June; small centrics dominated from mid-May to the end of June, and green algae exhibited an increasing dominance from late spring throughout summer. After the decline of green algae in autumn, some diatoms developed again, forming a small peak visible in the middle and lower Loire. Overall, the simulations agreed well with the observations: in particular, the downstream increase of all three main phytoplankton groups, and their succession from spring to autumn. Another feature of the River Loire phytoplankton, which was rather well captured by the model simulation, was the summer dominance of small centric diatoms, followed by the green algae that made most of the biomass in the summer phytoplankton of the middle Loire. Similarly, the model simulated quite well the variations of chlorophyll a (Fig. 7) , both in space and time. As for nutrient concentrations (Fig. 8) , SRP and Si showed variations, which suggest a significant effect of nutrient uptake by phytoplankton.
Production, loss rates and nutrient limitation
Calculations of production and loss rates by the model are presented in Figs 9 and 10. Figure 9 presents gross production rate and the main loss rates for the three main phytoplankton categories which developed during 2005. As noted already, the Stephanodiscus spring peak was relatively poorly marked, even at the downstream sites. This could be explained by the high river discharge, height of the water column and turbidity in early spring, so that Stephanodiscus achieved relatively low net production rates (maximum 0.4 day 21 ) in spring (Fig. 10) . In contrast, calculated autumn net production rates of these diatoms were higher (up to 0.8 day
21
), but were largely offset by high sedimentation rates. Small centric diatoms and green algae achieved quite high net production rates (up to 1.4 day 21 ), thanks to the low river depth at low discharge, but both were affected by relatively high settling losses. Small centrics experienced higher loss rates by sedimentation than green algae throughout summer, which likely explains the progressive dominance of green algae taking place in summer. All three main categories were grazed at similar rates by zooplankton. Benthic filter-feeders may Table I for the meaning of acronyms. have been responsible for higher grazing losses than zooplankton, but this depended on the respective abundance of the planktonic and benthic grazers, which were largely unknown.
D I S C U S S I O N
This study reveals that, overall, phytoplankton dynamics in the Loire are subject to the same controls as in other lowland rivers: to a large extent, the conclusions drawn from studies on other lowland rivers can be applied to this comparatively "wild" river. Particularly, the rule that the main controlling factors are hydrological and meteorological conditions, interacting with river morphology (e.g. Reynolds and Descy, 1996) , can also be applied to unregulated rivers. Still, the Loire has specific characteristics that do influence both diversity and dynamics of its phytoplankton and justify further explanations or hypotheses.
Our multivariate analysis enabled phytoplankton dynamics in the Loire to be explored in some taxonomic detail. The very first assemblage of the year was composed of tychoplankton at all sites, i.e. of detached benthic diatoms, mostly pennate forms, with possibly some limnetic taxa transported from reservoirs located in the upstream sections of the watershed, on the rivers Allier and Loire. True potamoplankton started developing in March, as soon as discharge, light and temperature allowed cells to reach growth rates high enough to maintain and increase their population. Large unicellular centric diatoms (Stephanodiscus spp., Cyclostephanos spp.) and other taxa (Aulacoseira spp., Chlamydomonas, Nitzschia acicularis) typically constituted this first planktonic peak, attenuated by the low transparency at a high flow rate. Then small centrics, comprising different species belonging to Cyclotella and Thalassiosira, tended to become dominant until the end of spring, before the massive development of a highly diverse assemblage of green algae in summer. This pattern of succession, which took place both in space and time, was basically not different from that in other lowland rivers (see, e.g. Reynolds and Descy, 1996) .
Yet, the Loire phytoplankton shows a very high taxonomic diversity, which may be explained by the relatively natural character of its channel and of its floodplain, allowing the maintenance of various habitats, and by the lack of water level regulation, which allows large variations of depth, depending on hydrology. As already proposed by others, e.g. Lair and Reyes-Marchant (Lair and Reyes-Marchant 1997) , potamoplankton diversity in the Loire may be favoured by different patterns of recruitment, both from "inocula" from the upstream water bodies, from exchange between the backwaters of the floodplain and the main river channel, and from inputs from tributaries. The relative influence of those recruitment processes changes in upstream, middle and downstream sections. In the upper sectors, inputs from headwater small lakes and from the reservoirs (Grangent et Villerest) may explain the presence of several taxa of limnophilic cyanobacteria (Anabaena, Microcystis, Planktothrix). Similar observations were made elsewhere, e.g. in the R. Nile (Talling and Prowse, 2010) or in the R. Rhine (Friedrich and Pohlmann, 2009 ). The tychoplanktonic taxa observed at high discharge also indicate a major influence of inputs from smaller rivers and other water bodies to the potamoplankton assemblage. In the middle Loire, other processes influencing phytoplankton diversity can take place, as water bodies located in the floodplain, becoming isolated as the water level recedes, may contribute to inocula to the river as soon as higher flow allows re-connection with the main channel. These water bodies act as "dead zones" (Reynolds et al., 1991) , where increased retention time allows development of limnetic microorganisms, and frequently of macrophytes, to which some algae are associated: several Desmidiaceae, Xanthophyceae, Raphidophyceae found in the Loire plankton typically belong to these habitats of the floodplain. Similar cases have been reported, e.g. for the Danube floodplain (Stoyneva, 1994) and for the Hungarian part of the River Tisza (Istvánovics et al., 2010) , where Chrysophytes and Euglenophytes are flushed from oxbows to the main river during high discharges. In the backwaters, low water levels and increased water transparency may favour growth and diversity of green algae, among which colonial Chloroccocales, belonging to the genera Actinastrum, Coelastrum, Dictyosphaerium, Micractinium, Pediastrum, Scenedesmus, are conspicuous. Green flagellates can also be observed, as in the Paraná River (Argentina) during very low flow periods (Devercelli, 2010) .
In the lower part of the Loire, several tributaries may also contribute with their phytoplankton, as reported for other lowland river systems (Istvánovics et al., 2010; Scherwass et al., 2010) . Indeed, some of the Loire tributaries carry particular microflora, which may impact the diversity of the main river. For instance, in the rivers Maine and Layon, which drain very flat watersheds and have slow-flowing, coloured waters, the phytoplankton assemblage often comprises flagellated unicellular forms (Cryptomonas spp., Peridiniopsis corillionnii, Plagioselmis nannoplanctica). Intensity and magnitude of water discharge tend to disrupt all these contributions, but again, during the rising period, due to flushing of backwaters and to inputs of benthic forms from tributaries, the diversity is often very high, as in highly flushed rivers (Salmaso and Zignin, 2010) .
Much more than the multivariate analysis, which remained essentially descriptive, model simulations helped to understand different factors and processes acting to control phytoplankton dynamics in the Loire. For instance, the spring diatom peak was rather small in the Loire compared with other European rivers, where high abundance of Stephanodiscus spp. has often been observed, reaching numbers in the range of 10 000 cells mL 21 (Reynolds and Descy, 1996) and chlorophyll a concentrations .100 mg m
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. This weak development of the spring diatoms is attributable to the high suspended matter load accompanying the spring floods: this is a feature of the Loire, which has its upper watershed in the Massif central, where rainfall and erosion can be intense (Oudin et al., 2008) . Despite the lack of water transparency data, the turbidity data allowed adjustment of the calculation of the light attenuation coefficient, which showed that the low spring biomass of Stephanodiscus resulted from light-limited growth rates. Interestingly, the model calculations indicated that Stephanodiscus could achieve higher growth rates in autumn, thanks to relatively high net production rates, but that losses, chiefly by sedimentation, were so high that they were unable to form significant autumn populations.
This relatively weak development of the "spring diatoms" makes quite conspicuous the peaks formed subsequently by the small diatoms and the very large dominance by green algae in summer. High abundance of coccal green algae is common in summer conditions in lowland rivers (e.g. Danube, Rhine, Meuse, Moselle, see introduction for references) but they are rarely dominant over long periods. High light in the shallow water column, rather than other factors such as temperature and nutrients, was likely the main variable that led to green algae dominance (see, e.g. Reynolds et al., 1985; Reynolds, 2006) . Indeed, in the Loire, channel depth varies in a 1 -10 m range, depending on discharge. The very small centric diatoms were also able to reach high net photosynthetic rates (up to 1.6 day 21 ) but they experienced higher sedimentation losses than green algae at low flow. Therefore, shallow river depth in summer was a key factor selecting for green algae dominance in the Loire. Noteworthy, the high growth rates of both small diatoms and green algae led to high P uptake, maintaining the SRP concentration at levels ,10 mg L 21 from July through October, and inducing significant P limitation, stronger in green algae than in small diatoms. Nutrient limitation of river phytoplankton seems has been rarely observed, and is generally considered as unlikely given the large nutrient inputs affecting lowland rivers (Reynolds, 1988 (Reynolds, , 1995 Wehr and Descy, 1998) . This study provides some evidence that, in a clear and shallow water column, P demand from active growth of potamoplankton may lead to significant limitation.
The largest uncertainty in the model calculations lies in the lack of key environmental data for parameter calibration, such as water transparency, which could however be estimated from turbidity data. Also, data on abundance of zooplankton were missing, which made it impossible to distinguish the relative impact of grazing by zooplankton and by filter-feeding benthic organisms. Yet, the Loire basin has been invaded by the Asian clams, Corbicula spp. (Brancotte and Vincent, 2002) , as have also North American (Cohen et al., 1984) and West European river networks (Cianfanelli et al., 2007) . These invasive molluscs may be inducing great changes in the river ecosystems where they have become established, but the extent of these changes remains to be evaluated. The most conspicuous effect in the Loire is the decline of chlorophyll-a observed since 2005, which is likely to have resulted from increased clam densities, and not only from nutrient reduction measures.
In conclusion, this study shows that the factors determining phytoplankton diversity and dynamics in a largely unregulated river are basically the same as those identified in other lowland rivers. The existence of various littoral and floodplain habitats, along with various recruitment processes, may explain the high taxonomic diversity recorded in the river, and the dynamics of the main phytoplankton groups depend primarily on physical factors. Particularly, the variation of water level in the river channel largely controlled growth and losses of potamoplankton.
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